Introduction
Submerged floating tunnel (SFT), also called Archimedes bridge, is a potential traffic channel floating between water surface and water bed, which is a solid structure made of metals or reinforced concrete or mixed. In some water areas of environmental restriction or protection, it may be impossible to set up a traditional crossing. For such cases, SFT could be a promising solution. However, till now, there is not an SFT constructed in the world. This is a great challenge to engineering science community and has attracted preliminary investigations [1−6] . Due to local geographical and environmental conditions, a curved sect at the end of an SFT to connect the water bank sometimes is more feasible so as to decrease tunnel length and/or reduce tunnel slope. Double wall structure is often used in the conceptual design of SFT for which warp effect could be ignored. Thus the SFT structure may be regarded as a spatial girder without warping. Several research results are available on dynamic behavior of curved girder [7−12] , which mostly are related to planar curved bridge structure, especially about planar circular structure. However, there are few reports related to dynamic behavior of spatial curved structure.
The dynamic behavior of SFT subjected to water wave and current is a major problem in the SFT realization. This paper considers the dynamic behavior of curved girder used in civil engineering especially in SFT structure. Based on reference Cartesian coordinates and orthogonal curvilinear coordinates, dynamic equations for helical girder are derived by means of Hamilton principle.
1 Hamilton principle [13] Hamilton principle is written as t1 t0 (δT + δΠ) dt = 0.
(1)
Equation (1) means that for an actual movement, the total integral of (δT + δΠ) is zero in any time interval, where δT is the variation of dynamic energy and δΠ is the virtual work due to all effective forces. δΠ may be expressed as
where δV is the virtual work due to potential forces, and δW is the virtual work due to non-potential forces. Thus we have the general form of Hamilton principle:
When the forces applied on the system are only potential forces, i.e., δW = 0, we have Ldt, thus Hamilton principle for holonomic system may be written as variation form:
Equation (3) suggests that for a holonomic system applied by potential forces, Hamilton's action of actual movement takes stagnation value at any time interval, compared with possible movement for the same boundary condition. In short, the variation of Hamilton's action is zero.
Hamilton principle involves only two dynamic quantities of dynamic energy and work (or potential energy), and there is no any restrictions for system geometry. For straight girder, the configuration function represents deflection. When the girder is spatially curvilinear, torsion angle and axial displacement need to be considered.
Geometrical relations of curvilinear girder
It is convenient to analyze the movement of spatial curvilinear girder by introducing reference Cartesian coordinates xyz, in which x and z axes are in horizontal plane, and y axis points vertically and downward. Analysis coordinates take the form of orthogonal curvilinear coordinates ζξη with the origin overlapping that of reference coordinates, as shown in Fig. 1 .
